Influenza A virus RNA replication requires an intricate regulatory network involving viral and cellular proteins. In this study, we examined the roles of cellular ubiquitinating/deubiquitinating enzymes (DUBs). We observed that downregulation of a cellular deubiquitinating enzyme USP11 resulted in enhanced virus production, suggesting that USP11 could inhibit influenza virus replication. Conversely, overexpression of USP11 specifically inhibited viral genomic RNA replication, and this inhibition required the deubiquitinase activity. Furthermore, we showed that USP11 interacted with PB2, PA, and NP of viral RNA replication complex, and that NP is a monoubiquitinated protein and can be deubiquitinated by USP11 in vivo. Finally, we identified K184 as the ubiquitination site on NP and this residue is crucial for virus RNA replication. We propose that ubiquitination/deubiquitination of NP can be manipulated for antiviral therapeutic purposes.
Introduction
Influenza virus is an enveloped negative-sense RNA virus that causes major public health problems worldwide. Every year, the global burden of influenza epidemics is believed to be 3-5 million cases of severe illness. Influenza virus, like all other viruses, relies not only on viral proteins but also host cell proteins and their associated mechanisms to complete viral life cycle. Identifying host molecules that participate in each step of virus replication could provide valuable new targets for antiviral therapy (Hao et al, 2008; Karlas et al, 2010; König et al, 2010) .
Influenza virus contains eight segments of single-stranded, negative-sense RNA as its genome. Each RNA segment is packaged into ribonucleoprotein (RNP) complexes, which consist of viral nucleoprotein (NP) and the viral RNA polymerase. The RNA genome is transcribed and replicated by the viral RNA-dependent RNA polymerase in the cell nucleus. The viral RNA polymerase consists of three subunits, polymerase basic protein 1 (PB1), polymerase basic protein 2 (PB2), and polymerase acidic protein (PA), which together are responsible for both transcription and replication of viral genome (Wright et al, 2007) . However, the precise molecular mechanism of the viral genome replication is not fully understood. It is still unknown how the switching between transcription and replication is regulated, although it has been reported that the NP protein has an important function in this switching (Portela and Digard, 2002) .
Posttranslational modification of proteins by ubiquitin (Ub) is a key regulatory event in various cellular activities, including signal transduction, transcription, membrane protein trafficking, nuclear transport, autophagy, and immune responses (Welchman et al, 2005) . Ubiquitination is a dynamic and reversible process, and it has become increasingly evident that deubiquitination also has an important function in regulating the ubiquitin-dependent pathway but is less well understood.
Eukaryotic viruses are known to modulate protein ubiquitination to their advantage in various ways. Several viruses have been shown to depend on the proteasome or certain cellular E3 ligases for entry or release (Yu and Lai, 2005; Bieniasz, 2006) . Moreover, many viruses regulate protein ubiquitination to overcome host cell defense mechanisms, including major histocompatibility complex (MHC) class-1 antigen presentation, the type-1 interferon response, and apoptosis. To this end, numerous viruses encode proteins that redirect cellular E3 ligases of the ubiquitin-proteasome system (UPS) to proteins with antiviral activity, including the tumor suppressor protein p53, the activators of transcription, and signal transducers (Lindner, 2007) . In contrast to ubiquitination, only a few examples of targeting of the protein deubiquitination system by viruses have been reported. They include the specific targeting of the cellular USP7 by the Epstein-Barr nuclear antigen-1 (EBNA1) and the herpes simplex virus type-1 (HSV-1) regulatory protein ICP0 (Everett et al, 1997; Holowaty and Frappier, 2004) .
In addition, ubiquitination also regulates functions of viral proteins. For human immunodeficiency virus type-1 (HIV-1) Tat protein, it was observed that the addition of a single ubiquitin molecule to its C-terminus increased its transcriptional function (Bres et al, 2003) . However, for HTLV-1 Tax protein, monoubiquitination led to a lower transcriptional activity (Peloponese et al, 2004) . In addition, HIV-1 Gag monoubiquitination is important for virion formation (Jäger et al, 2007) . Recent studies also found that ubiquitination was required for efficient replication of coxsackievirus B3. The data suggested that proteasome inhibitors reduced coxsackievirus B3 replication through inhibition of viral RNA transcription and protein synthesis (Si et al, 2008) . The similar result has also been observed for influenza A virus (Rodriguez et al, 2007) , in that the viral protein synthesis was inhibited by treatment with MG132 (Z-Leu-Leu-Leu-al). This result indicated that the ubiquitin-proteasome pathway may be involved in influenza A virus replication in the early phase of viral life cycle.
In this study, we developed and validated an in vitro cellbased assay for high-throughput screening of RNAi libraries, searching for cellular ubiquitinases and deubiquitinases involved in influenza A virus replication. By RNAi screening, we identified a new cellular deubiquitinase USP11, which regulates influenza A virus RNA replication. Furthermore, influenza A virus NP protein is a monoubiquitinated protein, which can be deubiquitinated by USP11 specifically. The ubiquitination and deubiquitination of NP probably regulates influenza A viral genome replication.
Results

Screening of a DUB RNAi library
In this study, we first developed and validated a cell-based assay for high-throughput screening of RNAi libraries for cellular factors involved in influenza A virus replication. The assay is based on the determination of cell viability ratio of specific cellular gene knockdown cells infected with or without influenza A virus. During assay development (Figure 1 ), we defined optimal detection method, plating density, optimal multiplicity of infection (MOI), and positive lentivirus knockdown clone control. A549 cells cultured in a 96-well plate were first infected with specific lentivirus clones at MOI of 2. Each clone was represented by four replicas and selected by puromycin treatment (4 mg/ml). After 3 days, two of the four wells were infected with influenza A virus (A/ WSN/33, H1N1) at MOI of 1. At 24 h after infection, cell viability assay was performed and cell viability ratio between cells infected with and without influenza A virus was calculated. Under normal condition, the ratio is 0.5-0.6. The positive control of screening panel used was ISG15, which is a well-characterized cellular inhibitor of influenza A virus infection (Lenschow et al, 2007) . As expected, when cellular ISG15 was knocked down, the cell viability ratio was decreased to about 0.28, indicating that more cells were killed by influenza A virus infection in the absence of ISG15. As ISG15 is an ubiquitin-like protein, we hypothesized that other ubiquitin-like proteins may also be involved in influenza A virus life cycle. Therefore, we chose a DUB (deubiquitinating enzyme) RNAi library subset for screening. There are 262 clones in the TRC RNAi DUB library that includes 52 human DUB genes (Supplementary Table I ). The criterion for determining hits of screening was set at more than 30% reduction or increase in cell viability ratio. There were five separate clones for each DUB gene; those with three or more clones conforming to the criterion were considered as candidate genes. On the basis of this criterion, a novel cellular deubiquitinase, USP11, was identified as a candidate gene regulating influenza A virus replication or production.
USP11 inhibits influenza A virus production
The RNAi primary screening results showed that when cellular USP11 was knocked down, the influenza A virus production was enhanced, as evidenced by lower cell viability, that is, higher CPE. We therefore studied the possible mechanism of inhibition by the USP11 RNAi in detail. The immunoblotting result showed that, among the five shUSP11 clones, clone 5 has the best knockdown efficiency ( Figure 2A ). Therefore, clone 5 was used for further studies. To verify that USP11 is involved in influenza A virus infection, USP11 knockdown cells were infected with influenza A/WSN/33 virus at MOI of 1. At 24 h after infection, the culture medium was collected and plaque assay was performed to determine virus titers. The result showed that when cellular USP11 was knocked down, the virus titer was increased by about 10-fold ( Figure 2B ). In addition, when USP11 was overexpressed in 293T cells, the influenza A virus production was reduced to about 20% ( Figure 2C ). Significantly, when the shUSP11-5-expressing cells were transfected with pCI-USP11s, which can express an USP11 form that is resistant to shUSP11 suppression because of the wobble mutations, the influenza A virus titer dropped to the same level as in the wild-type cells ( Figure 2D ). This rescue experiment confirmed that the effect of lentivirus shUSP11-5 clone was specifically due to knockdown of USP11. Taken together, we conclude that USP11 can inhibit influenza A virus production.
USP11 inhibits influenza A virus genome replication
The immunofluorescence staining result showed that USP11 primarily was located in the nucleus of cells as previously reported (Ideguchi et al, 2002 ; data not shown). Therefore, to determine the role of USP11 in influenza A virus life cycle, we first focused on viral replication and transcription, which take place in the nucleus. USP11 knockdown cells were infected with influenza A virus at MOI of 5 for single-cycle virus infections. At 8 h after infection, total cellular RNA was used for primer extension analysis to detect viral segment 6 (NA) vRNA, cRNA, and mRNA using respective primer sets (Chan et al, 2006 ; Figure 3A , left panel). The levels of vRNA and cRNA in USP11 knockdown cells were significantly higher than those of the control cells, but the mRNA amount was almost the same between the control and USP11 knockdown cells. We also developed a quantitative RT-PCR (qRT-PCR) procedure to verify the reduction of vRNA. The qRT-PCR protocol was modified from the published data (Tseng et al, 2008) by designing specific tagged primer to detect vRNA (Supplementary Table II ). The qRT-PCR result confirmed the primer extension data ( Figure 3A , right panel). To elucidate whether the inhibition of influenza A virus replication by USP11 required the deubiquitinating enzyme activity of USP11, a catalytically defective mutant (C275S and C283S) of USP11 was transfected into A549 cells. The cells were infected with virus at MOI of 5 for single-cycle virus infections. The level of vRNA and cRNA in the cells overexpressing the wild-type USP11 were reduced to about 50% of the control cells ( Figure 3B ), but there was no significant reduction of vRNA or cRNA in cells expressing the catalytically defective USP11 mutant ( Figure 3B , lane 2). The result indicated that USP11 inhibited vRNA and cRNA synthesis, but USP11mt did not. Therefore, we concluded that the inhibition of influenza virus RNA replication by USP11 depended on its deubiquitinating enzyme activity. In this particular experiment, there was a slight decrease of viral mRNA in the USP11-overexpressing cells. This reduction could have been a secondary effect of reduction of vRNA by USP11, as mRNA is made using vRNA as the template. To address this possibility, we further dissected the viral transcription activity independent of the virus genome replication by determining the level of viral mRNA synthesis in the presence of cycloheximide (CHX). It has been shown that CHX suppresses viral protein synthesis, and thereby inhibits virus genome RNA replication but not mRNA transcription because the latter does not need new protein synthesis (Vreede et al, 2004 that in control cells ( Figure 3C ). Taken together, the result indicated that USP11 primarily inhibits influenza A virus RNA replication through its deubiquitinating enzyme activity.
USP11 interacts with PB2, PA, and NP
As USP11 is a deubiquitinase, we hypothesized that some components of viral RNP may be a substrate of USP11. We first determined whether USP11 binds to any of the viral RNP components. We performed co-immunoprecipitation assays using cell lysates prepared from 293T cells transiently expressing myc-tagged USP11 and one of the HA-tagged viral RNP proteins. The lysates were immunoprecipitated with anti-myc agarose and blotted with anti-HA antibody. As shown in Figure 4A , PB2, PA, and NP specifically co-precipitated with Myc-USP11 (lanes 3, 9, and 12, respectively). However, no co-precipitation was detected in PB1 (lane 6), NS1 (lane 18), or USP11 only (lane 15). No co-precipitation was detected when anti-myc antibody was absent (lanes 2, 5, 8, 11, 14 and 17) or when either of the two constructs was omitted ( Figure  4B -D). These results indicated a specific interaction between USP11 and influenza A viral RNP complex.
NP is a monoubiquitinated protein and can be deubiquitinated by USP11 in vivo USP11 is a member of ubiquitin-specific proteases (USP) family, which mediates the removal and processing of ubiquitin. The co-immunoprecipitation results showed that USP11 interacts with PB2, PA and NP, respectively. In addition, ubiquitin has been observed in the influenza virus particles (Shaw et al, 2008) . We hypothesized that one or more of the RNP complex subunits may be a candidate substrate for USP11 and that ubiquitin is required for influenza A virus RNA replication. To verify this hypothesis, we first attempted to detect ubiquitinated viral protein in the cells. Ubiquitin (Ub) was coexpressed with PB2-HA, PA-HA or NP-HA, respectively, in 293T cells, and the HA-tagged immunoprecipitates were subjected to immunoblot analysis with anti-HA or anti-NP antibody, respectively. The results showed that, for NP, besides the 56-kDa NP, an additional band with a size (65 kDa) consistent with the monoubiquitinated form of NP was detected when it was coexpressed with ubiquitin ( Figure 5A , lanes 7 and 8). This result suggested that NP is monoubiquitinated. In addition, when PA was cotransfected with Ub, a high-molecular weight smear was detected by anti-HA ( Figure 5A , lane 6) and anti-myc antibodies ( Figure 5C lower panel, lane 2), respectively, indicating that PA is a polyubiquitinated protein. By comparison, no larger-molecular weight form of PB2 was detected ( Figure 5C , lower panel, lane 6).
To verify that NP is a monoubiquitinated protein, we co-transfected plasmids that can express NP-HA, Myc-Ub or USP11, and then subjected HA-tagged immunoprecipitates to immunoblot analysis using the indicated antibodies. The result ( Figure 5B ) showed that, when both NP and Ub were present (lane 5), there was an additional NP-Ub form, similar to the previous data ( Figure 5A ). This band could be detected with anti-myc antibody, indicating that it is an ubiquitinated protein (lanes 5 and 7). But, when NP, Ub and USP11 were coexpressed, the NP-Ub signal was diminished (lane 6), whereas USP11 mt did not reduce the NP-Ub signal (lane 7). The result shown in Figures 4C and 5A indicated that PA is a polyubiquitinated protein and can be co-precipitated with USP11. Therefore, we also performed a similar experiment to determine whether PA is a substrate for USP11. As shown in Figure 5C , PA is not a substrate for USP11 (lanes 3 and 4). Mayer et al (2007) identified several cellular interacting partners of the influenza virus RNP complex by using proteomic-based approaches. USP10 is one of the proteins identified. To determine whether ubiquitinated NP is specifically deubiquitinated by USP11, we co-transfected plasmids that can express NP-HA, Myc-Ub and Flag-USP10 or USP11, and then subjected HA-tagged immunoprecipitates to immunoblot analysis using the indicated antibodies ( Figure 5D ). The result showed that both USP10 and USP11 specifically co-precipitated with NP-HA (lanes 1, 3 and 4, lower panel), consistent with the published result, and NP could be deubiquitinated by only USP11 but not USP10 (lanes 3 and 4, upper panel). Taken together, we conclude that NP is a monoubiquitinated protein and can be deubiquitinated by USP11 specifically.
K184 is the ubiquitination site on NP and crucial for virus RNA replication
The NP possesses regions that are highly conserved among various influenza A virus strains. To identify the ubiquitination site on NP, we performed site-directed mutagenesis to replace all the crucial conserved lysine residues with arginine based on a published report (Li et al, 2009b) and expressed the HA-tagged forms of mutant and wild-type NP together with Ub into 293T cells. The results showed that the wild type and most of the mutant NP (including K113R, K229R, K273R and K325R), but not K184R mutant, were modified by ubiquitination ( Figure 6A ). These results indicated that K184 is important for NP ubiquitination and may be the ubiquitination site. The sequence alignment showed that K184 is highly conserved among different subtypes of influenza A virus and influenza B virus ( Figure 6B ).
To assess the effects of K184R on viral RNA replication and transcription, we tested the replication function of K184R by using a mini-replicon system (Li et al, 2009b) , containing luciferase as the reporter, which assays viral RNA replication activity. The results showed that when K184 was substituted with arginine, the replication and transcription activities were decreased to 30% (Supplementary Figure 1) , indicating that K184 is important for viral RNA replication, consistent with a recent study (Wasilenko et al, 2009 ), but inconsistent with another report (Li et al, 2009b) . We repeated the same minireplicon experiment in USP11 knockdown cells ( Figure 6C ), and co-transfected a plasmid that can express Ub as a control (grey bars). The result showed that the luciferase activity of the K184 mutant was as low as 15% of the wild-type construct in USP11 versus 15% between the two approaches suggests that USP11 may have additional targets in the cells. In addition, it is noted that the luciferase activity of K184R mutant was not affected by overexpression of ubiquitin, whereas the luciferase activity was increased in WT and most of the other NP mutants (including K113R, K229R and K325R). These data taken together support the hypothesis that the replication defect in K184R was most likely due to the failure of ubiquitination. Among these NP mutants, the K273R mutant was totally devoid of luciferase activity, indicating that K273 is crucial for viral genome replication and/or transcription for reasons other than ubiquitination, consistent with the previous studies that demonstrated that this mutation blocked the interaction of NP with two of the polymerase subunits (PB1 and PB2; Biswas et al, 1998; Li et al, 2009b) . A recent study showed that the direct interaction between NP and the viral polymerase results in a modification of the polymerase in favour of unprimed initiation of RNA replication (Newcomb et al, 2009 ). In addition, Biswas et al (1998) showed that NP interacted with PB1 and PB2, but not PA. To determine whether the defective replication of NP-K184R was caused by the impaired interaction between NP-K184R and the viral polymerase, we co-transfected plasmids that can express NP-2 Â HA, PB2 or PB1-myc, and then subjected HA-tagged immunoprecipitates to immunoblot analysis using the indicated antibodies. The result ( Figure 6D ) showed that there were no significant differences between the interactions of NP-K184R and wild-type NP with PB2 or PB1 (lanes 2 and 4; lanes 6 and 8). Therefore, the defective replication of NP-K184R is not caused by its defective interaction with virus polymerase.
We next examined whether this mutation affected the binding of NP to vRNA by the RNA binding protein immunoprecipitation (RIP) assay. USP11 knockdown cells were co-transfected with plasmids that can express NP-2 Â HA, Myc-Ub and pPolI-Luc that can produce vRNA-like molecules, and then subjected HA-tagged immunoprecipitates to isolate NP-vRNA complex. The immunoblot result showed that the NP protein expression levels were equivalent in each reaction ( Figure 6E lower panel). The result showed that, when both wild-type NP and Ub were present (lane 4), the amount of vRNA precipitated was about 2.5-fold more than that in the absence of Ub, indicating that ubiquitination can improve RNA-binding affinity of NP. In addition, when K184 was substituted with arginine, the amount of vRNA precipitation was decreased to 20%, indicating that this amino acid is crucial for RNA binding (lane 5). Furthermore, with NP-K184R mutant, there was no significant difference between the vRNAs precipitated in the absence and presence of Ub (lanes 5 and 6), indicating that K184 is the ubiquitination site of NP. Taken together (lane 3 versus lane 5; lane 4 versus lane 6), the qRT-PCR result showed that impaired RNA binding of K184R is caused by defective ubiquitination, leading to defective replication of NP-K184R ( Figure 6C ). We also produced a recombinant virus incorporating the NP-K184R substitution by reverse genetic techniques (Hoffmann et al, 2000) and examined its biological properties. The plaque size of the NP-K184R mutant virus was smaller than that of the wild-type ( Figure 6F) . The virus growth curve data ( Figure 6F ) also indicated that NP-K184R mutant virus was defective in virus production from early time on, consistent with the defect in RNA replication ( Figure 6C ).
To further dissect the role of NP ubiquitination in viral RNA synthesis, cells were infected with NP-K184R mutant at MOI of 5, and total cellular RNA was used for primer extension analysis at indicated time points ( Figure 6G , right upper panel). At 0 h after infection, only vRNA, which represents viral genomic RNA derived from the infecting virus particles, was detected ( Figure 6G, lanes 1 and 2) . The amounts of cRNA and vRNA increased from 0 to 8 h after infection as RNA replications proceed (lanes 1, 3, 5 and 7 for wild-type RNA, and lanes 2, 4, 6 and 8 for the mutant RNA, respectively). Significantly, the vRNA and cRNA amounts of K184R mutant were less than those of the wild type at each time point (except 0 h), indicating that K184R mutant virus is defective in virus RNA replication, most likely due to lack of ubiquitination. In contrast, the mRNA amount was very similar between K184R mutant and wild-type throughout (lanes 3-8), suggesting that NP ubiquitination is not involved in viral mRNA transcription. We also performed qRT-PCR to detect vRNA ( Figure 6G , right lower panel); the result showed that at 10 h after infection, the vRNA amount was decreased to about 25%, but at this time point, the mRNA amount also decreased, probably as a secondary effect of reduction of vRNA. Therefore, the result showed that K184 on NP is crucial for viral RNA replication.
Finally, we performed an additional experiment to directly demonstrate that NP protein was ubiquitinated during virus infection. USP11 knockdown cells were transfected with a plasmid that can express Myc-Ub. At 48 h after transfection, the cells were infected with wild-type or NP-K184R mutant virus at MOI of 5; at 8 h after infection, cell lysates were subjected to immunoprecipitation with anti-myc or anti-Ub antibody, and the immunoprecipitates were subjected to immunoblot analysis by using anti-NP antibody. The result ( Figure 6H) showed that the NP-Ub signal can be detected in wild-type (lane 1), but not in NP-K184R mutant virus (lane 2), indicating that NP protein was ubiquitinated at K184 during virus infection. Taken together, we conclude that K184 is ubiquitination site on NP protein and is crucial for viral RNA replication through increasing RNA-binding affinity.
USP11 inhibits viral RNA replication through deubiquitinating NP
We further dissected the mechanism of inhibition of influenza A virus RNA replication by USP11. USP11 knockdown or control cells were infected with wild-type or NP-K184R mutant virus at MOI of 5, and total cellular RNA was used for primer extension and qRT-PCR analysis at 8 h after infection. When cellular USP11 was knocked down, the amounts of vRNA and cRNA of the wild-type virus increased by about 2.5-fold ( Figure 7A, lane 1 versus lanes 2 and 3) , indicating that USP11 inhibits viral RNA replication as previously mentioned; with the mutant virus defective in NP ubiquitination (K184R), however, there was no significant difference in viral RNA synthesis between USP11 knockdown and control cells ( Figure 7A, lanes 4-6) . Furthermore, the amounts of viral RNA of K184R mutant were lower than the wild type (about 25% of the wild-type cells infected with the wild-type virus; see lane 3). In addition, the difference in the amount of vRNA between wild-type and K184R mutant viruses was about 10-fold in USP11 knockdown cells (lane 1 versus lane 4). We also performed a converse experiment, namely, USP11-overexpressing or control cells were infected with wild-type or K184R mutant virus ( Figure 7B ). The amount of vRNA and cRNA of wild-type virus in the cells overexpressing the wild-type USP11 were reduced to about 50% of that in the control cells ( Figure 7B , lane 1 versus lane 3), or in the cells expressing the catalytically defective USP11 mutant (lane 2). In contrast, overexpression of USP11 did not affect the amount of vRNA and cRNA of K184R mutant virus (lanes 4-6). Interestingly, the amount of wild-type vRNA in the USP11 overexpressing cells was almost the same as that of K184R mutant (lane 1 versus lane 4). The results were consistent with mini-replicon data ( Supplementary Figures  2 and 3) . These results combined suggest that USP11 inhibits viral RNA replication through deubiquitinating NP. As a consequence, once NP ubiquitination was defective, such as in K184R mutant virus, the effect of cellular USP11 inhibition was diminished. This result further supports the conclusion that USP11 inhibits viral RNA replication through deubiquitinating NP.
Discussion
Ubiquitination is a posttranslational modification, in which ubiquitin chains or single ubiquitin molecules are linked to target proteins, giving rise to poly-or monoubiquitination (Weissman, 2001) . Polyubiquitin chains of four subunits or longer are required for efficient recognition and degradation of ubiquitinated proteins by the proteasome. Other functions of ubiquitin that do not involve the proteasome have also been demonstrated. Some proteins are modified by a single ubiquitin or short ubiquitin chains. Instead of sending proteins to their death through the proteasome, monoubiquitination is a regulator of the location and activity of diverse cellular proteins. Histone is a well-characterized monoubiquitinated protein. Previous studies have shown that ubiquitination may alter conformation or oligomeric state of histone, and thus affect protein-protein or protein-nucleic acid interactions (Hicke, 2001 ). The proliferating cell nuclear antigen (PCNA) is another example of monoubiquitinated modification of regulation. PCNA is loaded onto DNA strands as a trimeric ring in which it functions as a clamp and processivity factor for DNA polymerase. It is essential for DNA replication, DNA repair and silencing. After exposure of human cells to DNA-damaging agents that block the progress of the replication fork, monoubiquitinated PCNA mediates the switch from replicative DNA polymerases to polymerases specializing in translesion synthesis (Kannouche et al, 2004) .
Previous literatures have shown that UPS has an important function in early steps of influenza virus infection. The treatment of host cells with MG132 or another proteasome inhibitor lactacystin affected the early stages of virus replication. The confocal laser scanning microscopic images showed that influenza virus selectively uses the ubiquitin/vacuolar protein-sorting pathway for entry into host cells (Khor et al, 2003) . Recently, Shaw et al (2008) used two complementary mass spectrometry approaches to perform a comprehensive proteomic analysis of purified influenza virus particles. Ubiquitin is among the 36 host-encoded proteins in influenza virus particles. In this study, we have identified the deubiquitinating enzyme USP11 as a new cellular factor involved in influenza A virus RNA replication. It can interact with PB2, PA and NP proteins, which are subunits of the viral RNP complex. Furthermore, it could cleave monoubiquitin from NP protein specifically. We have further tested other deubiquitinase, including USP10 and USP32, neither of which can regulate influenza virus RNA replication (CS Tseng, unpublished observations).
USP11 was originally isolated and characterized with the name ubiquitin C-terminal hydrolase on the X chromosome (UHX1; Swanson et al, 1996) . It contains both Cys and His boxes, which are responsible for its deubiquitinating activity. It is a ubiquitious protein distributed across a wide range of human tissues and localized in the nucleus. It has been demonstrated that USP11 interacts with RanBPM, a Ranbinding protein, which is required for correct microtubule nucleation (Ideguchi et al, 2002) . The published result also showed that USP11 participates in DNA-damage repair functions within the BRCA2 pathway independently of BRCA2 deubiquitination (Schoenfeld et al, 2004) . USP11 also regulates the IkB kinase-a (IKKa)-p53 signalling pathway in response to tumor necrosis factor-a (TNFa; Yamaguchi et al, 2007) . Recent studies further showed that USP11 can stabilize HPV16-E7 and further regulate its biological activity (Lin et al, 2008) . Interestingly, two groups also observed that USP11 is required for West Nile virus and hepatitis C virus infection, but the mechanism remains unknown (Krishnan et al, 2008; Li et al, 2009a) .
The influenza A virus nucleoprotein (NP) is a 56-kDa basic RNA-binding protein, which is phosphorylated in vivo (Wright et al, 2007) . It binds single-stranded RNA with no sequence specificity through the interactions between its basic residues and the phosphodiester backbone with stacks between its aromatic residues and nucleotide bases (Ye et al, 2006) . The N-terminal 180-amino-acid portion of NP bears an RNA-binding domain, which can be subdivided into two smaller regions (residues 1-77 and 79-180), and retain RNA-binding activity (Albo et al, 1995) . Owing to its binding to ssRNA, NP is able to self-associate to form large oligomers. In addition, NP can interact with a variety of other macromolecules of both viral and cellular origin. It has been shown that NP interacts directly with PB2 and PB1 but not with PA (Biswas et al, 1998) , and that M1 interacts with RNP complex specifically through an interaction between M1 and NP (Ye et al, 1999) . It is believed that the interactions between NP and M1 are required for virion assembly. Furthermore, NP can interact with several cellular proteins, including filamentous (F) actin (Digard et al, 1999) , nuclear import receptors of the importin-a class (O'Neill and Palese, 1995) , the nuclear export receptor CRM1 (Elton et al, 2001 ) and a DEAD-box helicase BAT1/UAP56 (Momose et al, 2001) . The RNP complex is the basic functional unit for replication and transcription of influenza viral genome. Previous data have shown that the template-size RNA can not be synthesized if there is no NP in the RNP complex (Honda et al, 1988) , and NP is essential for the synthesis of vRNA and cRNA (Shapiro and Krug, 1988) . Several hypotheses have been proposed for the role of NP in the switch between mRNA and cRNA synthesis (Portela and Digard, 2002) . The encapsidation hypothesis proposes that NP does not have a regulatory function but is merely an essential co-factor to coat the nascent cRNA and vRNA segments (Shapiro and Krug, 1988) . The template modification hypothesis considers that NP regulates transcription initiation and termination by interaction with template RNA to change its structure (Hsu et al, 1987; Klumpp et al, 1997) . The polymerase modification hypothesis proposed that the ability of NP to bind directly to PB1 and PB2 alters the transcription activity of polymerase through direct protein-protein interaction (Biswas et al, 1998) . Moreover, a recent study showed that a direct interaction between NP and the viral polymerase results in a modification of the polymerase in favour of unprimed initiation (Newcomb et al, 2009) .
Our results have shown that USP11 inhibited influenza A virus RNA replication and that NP is a monoubiquitinated protein that can be deubiquitinated by USP11 specifically. We have also identified K184 as the ubiquitination site of NP. When K184 was mutated, the viral genome replication was inhibited, consistent with the recently published data (Wasilenko et al, 2009) . However, the extent of interaction between NP-K184R and virus polymerase is similar to that between the wild-type NP and the polymerase. The result is consistent with a previous study that demonstrated that the fragment of NP interacting with the viral polymerase did not include K184 (Biswas et al, 1998) . In addition, protein structural studies with influenza A virus NP revealed that the potential RNA-binding pockets consist of several positively charged amino acids, including K184 (Ye et al, 2006) . The positive charge of K184 may facilitate binding of the negatively charged RNA. However, our data showed that even when K184 was substituted with positively charged arginine, the vRNA-binding affinity and virus RNA replication were still defective, indicating that the defect in RNA replication was caused by reduction of vRNA-binding affinity through impaired NP ubiquitination. It should be noted that protein modification, such as ubiquitination, is a dynamic process, constantly being ubiquitinated and deubiquitinated. Therefore, even though our biochemical studies showed that only a small fraction of NP is ubiquitinated, a larger fraction of NP molecules could, in fact, be ubiquitinated. Vreede et al (2004) proposed 'stabilization' model that nascent cRNA is degraded by host cell nucleases unless it is stabilized by newly synthesized viral RNA polymerase and NP. On the basis of this model, both mRNA and cRNA are synthesized early in infection, but cRNA is degraded. However, in later infection, once viral polymerase and NP are synthesized, cRNA is stabilized as cRNP complex that can be replicated to vRNA. In addition, a recent study (Perez et al, 2010) showed that influenza A virus-derived small viral RNAs (svRNAs) can trigger the viral switch from transcription to replication through interactions with the viral polymerase machinery. Our result showed that, there were no significant differences between the interactions of NP-K184R and wildtype NP with PB2 or PB1, which are subunits of viral polymerase. In addition, our study also showed that ubiquitination of NP on K184 can alter the interactions of NP with RNA. We hypothesize that monoubiquitination of NP can alter the interactions of NP with RNA, thus stabilizing cRNA, and thereby increase RNA replication efficiency ( Figure 8A ), but not transcription. It is possible that multiple factors regulate different steps of viral RNA replication and transcription. Conversely, cellular deubiquitinase USP11 can interact with PB2, PA and NP, and thereby affect the function of RNP complex during RNA replication. Significantly, USP11 can cleave single ubiquitin from NP, and thereby inhibit the RNA replication efficiency ( Figure 8B ). This mechanism offers a new way to fine-tune viral RNA replication through NP modification. 
Materials and methods
Virus strains and cell culture
RNAi knockdown
All RNAi reagents were purchased from the National RNAi Core Facility located at the Institute of Molecular Biology/Genomic Research Center, Academia Sinica, supported by the National Research Program for Genomic Medicine Grants of NSC (NSC 97-3112-B-001-016). The target of the most effective lentivirus-based RNAi for USP11 is shUSP11-5: 5 0 -CCGTGACTACAACAACTCCTA-3 0 . The control RNAi is shLuc. Cells were seeded at appropriate density on 96-well (100 ml per well) or 6-well (2 ml per well) tissue culture plates and incubated overnight. Cells were maintained in DMEM containing 8 mg/ml polybrene. The RNAi lentivirus was added to cells at an MOI of 5 and incubated overnight. Then the medium was replaced with fresh medium containing 4 mg/ml puromycin and incubated further for 3 days. For primary RNAi screening, cell viability assay was performed by using CellTiter Glo s Luminescent Cell Viability Kit (Promega) according to the manufacturer's protocol.
Plasmid construction
Details are provided in the Supplementary data.
Primer extension assay
Primer extension assay was performed by using the primer extension system-AMV reverse transcriptase kit (Promega). A total of 5 mg of total RNA was mixed with 0.5 pmole each of two DNA primers, labelled at 5 0 -end with [g-32 P]ATP and T4 polynucleotide kinase (Promega). The mixture was heated at 501C for 2 h, and followed by cooling at room temperature for 10 min. Primer extensions were performed after addition of 1 U of avian myeloblastosis virus reverse transcriptase (Promega) in the reaction buffer provided with the enzyme for 2 h at 421C. Two NA-specific primers were used in the same reverse transcription reaction: 5 0 -TG GACTAGTGGGAGCATCAT-3 0 to detect vRNA and 5 0 -TCCAGTATGGT TTTGATTTCCG-3 0 to detect cRNA and mRNA (Vreede et al, 2004) . The sequence 5 0 -TCCCAGGCGGTCTCCCATCC-3 0 was used as a primer to detect 5S rRNA (Chan et al, 2006) . Transcription products were analysed on 6% polyacrylamide gels containing 7 M urea in TBE buffer and detected by autoradiography.
Quantitative RT-PCR Total RNAs were extracted by using RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol, and subjected to reverse transcription with specific primers to vRNA (Supplementary Table  II) . For the detection of vRNA, 200 ng of total RNA was reverse transcribed in a 20-ml final reaction mixture volume containing 1 Â rTth reverse transcriptase buffer, 0.5 mM RT primer, 40 U RNaseOUT recombinant RNase inhibitor (Invitrogen), 1 mM MnCl 2 , 0.2 mM (each) dATP, dGTP, dCTP and dTTP (Invitrogen), and 5 U rTth (Applied Biosystems). The RT reaction was performed at 701C for 15 min and terminated by adding 2 ml of 10 Â chelating buffer. The single-stranded cDNAs were subjected to real-time quantitative PCR by using the QuantiTect SYBR Green PCR kit (Qiagen) with specific primer sets. Briefly, 5 ml of 10-fold serially diluted cDNA was mixed with 45 ml of the master mixture. The reaction consisted of an initiating step of 15 min at 951C, followed by 40 cycles of amplification, with each cycle consisting of 15 s at 941C, 30 s at 501C, and 25 s at 721C. The reaction, data acquisition and analyses were performed using the iCycler iQ5 v2.0 system (Bio-Rad).
Immunoprecipitation
The 293T cells were transfected in 60-mm dishes by use of Lipofectamine 2000 (Invitrogen) according to the manufacturer's directions. Approximately 48 h after transfection, cells were washed with TBS and lysed in 250 ml of M-PER s reagent (Pierce). After centrifugation at 16 000 g at 41C for 20 min, 200 ml of whole cell extract was incubated with 10 ml of the indicated antibody agarose slurry (Pierce) and rotated for overnight at 41C. The column was washed three times with TBS-T buffer and eluted by 25 ml 2 Â nonreducing sample buffer (Pierce). Samples were analysed by western blotting using the indicated antibody.
Luciferase assay
For determining polymerase activities of replication complexes containing NP mutant, a mini-replicon using firefly luciferase reporter system was used (Li et al, 2009b) . The 293T cells were cotransfected with plasmids for expression of the viral proteins PB2, PB1, PA, NP (wild type or substitution mutant) and pPolI-Luc. Renilla luciferase-expressing plasmid was used as an internal control to normalize transfection efficiency. At 48 h after transfection, cells were collected and the luciferase activity was measured by using Dual-Glo Luciferase assay system (Promega) according to the manufacturer's protocol.
Plasmid-driven reverse genetics K184R recombinant virus used in this study was generated by reverse genetics. The eight fragments of A/WSN/33 viral genome were amplified by RT-PCR, and viral cDNAs were inserted into the vector of pcDNA3.1 containing pol1 and CMV promoters similar to pHW2000. Recombinant viruses were generated by eight plasmids co-transfection into MDCK/293T cells (Hoffmann et al, 2000) . Supernatants were collected, titrated and froze at À801C ready for use.
RNA-binding protein immunoprecipitation (RIP) assay
RIP assay was performed by using the Magna RIP TM kit (Millipore). USP11 knockdown cells were transfected in 10-cm dishes by use of Lipofectamine 2000 (Invitrogen) according to the manufacturer's directions. Approximately 48 h after transfection, cells were washed twice with ice-cold PBS and scraped off. After centrifugation at 1500 r.p.m. at 41C for 5 min and discard the supernatant. Cells were lysed in 250 ml of complete RIP lysis buffer. The 100 ml whole cell extract was incubated with 900 ml RIP immunoprecipitation buffer containing the HA-tagged magnetic beads and rotated for overnight at 41C. Samples were washed three times with RIP wash buffer and 20 ml samples were analysed by immunoblotting using the indicated antibody to check immunoprecipitation efficiency. The remnant samples were incubated with Proteinase K buffer at 551C for 30 min with shaking to digest the protein. RNAs were extracted by using standard phenol/chloroform protocol and subjected to qRT-PCR with specific primers (Supplementary Table II) .
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
